A gene (acas) designated as α-amylase was cloned from Arthrobacter chlorophenolicus A6. The multiple amino acid sequence analysis and functional expression of acas revealed that this gene really encoded an amylosucrase (ASase) instead of α-amylase. In fact, the recombinant enzyme exhibited typical ASase activity by showing both sucrose hydrolysis and glucosyltransferase activities. The purified enzyme has a molecular mass of 72 kDa and exhibits optimal hydrolysis activity at 45 o C and a pH of 8.0. The analysis of the oligomeric state of ACAS with gel permeation chromatography revealed that the ACAS existed as a monomer.
Amylosucrase (ASase, E.C. 2.2.1.4) is a bacterial glucansucrase that belongs to the glycoside hydrolase (GH) family 13 [13] . ASase is interesting in that it exhibits multiple enzymatic activities, including hydrolysis, transglycosylation, and isomerization [11] . ASase mainly catalyzes the synthesis of an insoluble amylose-like α-(1,4)-glucan polymer from sucrose [7] . In addition, it is capable of synthesizing various oligosaccharides and glucoconjugates to form diverse acceptor molecules via transglycosylation activity [11] . Recently, salicin glucosides, arbutin-α-glucosides, and antigenic oligosaccharides were synthesized by employing ASase transglycosylation activity [1, 4] . Furthermore, isomerization of sucrose to sucrose isomers (turanose and trehalulose) is also observed in ASase enzymatic reactions [12] . Owing to these multiple catalytic activities, ASase is a promising target for biotechnological applications geared toward the synthesis of antigenic oligosaccharides, carbohydratebased dendritic nanoparticles, and various natural and nonnatural glycosides [1, 2, 4, 9, 11] .
A BLAST search showed that there is an ASase homolog (Achl_3605, acas hereafter) in the genome of Arthrobacter chlorophenolicus A6, a Gram-positive actinobacterium capable of surviving under psychrophilic (5 o C) conditions using several phenolic compounds as its sole sources of carbon and energy [14] . In fact, a protein encoded by this gene is designated as α-amylase or trehalose synthase. However, the deduced amino acid analysis revealed that this gene product showed a 56% amino acid homology with ASase from Neisseria polysaccharea (NPAS), 45% with that from Alteromonas macleodii (AMAS), and 40% with that from Deinococcus geothermalis DSM 11300 (DGAS) (Fig. 1) . It also showed that ACAS shared not only catalytic residues, but also four consensus regions with other enzymes in glycoside hydrolase family 13 (GH13). Recently, an ASase homolog from Xanthomonas axonopodis pv. glycines was recognized as a member of the newly defined carbohydrate utilization locus that regulates the utilization of plant sucrose. However, it was confirmed as sucrose hydrolase, indicating that this enzyme had only hydrolase activity without glucosyltransferase activity [6] . In this paper, we describe the cloning of this α-amylase or trehalose synthase-related gene (acas) from A. chlorophenolicus A6 and its functional expression in Escherichia coli. We confirmed that this gene conveys ASase activities. In addition, the enzymatic characteristics of the recombinant protein were studied in detail in order to employ this enzyme in further applications.
Locus CP001341 (acas) was cloned from the chromosome of A. chlorophenolicus A6 by PCR. A. chlorophenolicus 
C in
Luria-Bertani medium. The forward and reverse primers were synthesized by Bionics (Seoul, Korea) to match the 5' and the 3' ends of the acas gene. Two restriction enzyme sites, NdeI and XhoI (underlined in the sequences given below), were introduced into primers to allow cloning into vectors pET-21a (Invitrogen, San Diego, CA, USA) and pHCXHD (modified from pHCEII/NdeI; BioLeaders Co., Daejeon, Korea) [5] . The sequences of the primers were 5'-CATATGCAGGAATCCGTCGGTGTG-3' (forward primer) and 5'-CTCGAGCAGGGGCGTGACGCGCAG-3' (reverse primer). In both vectors, the six histidine residues were fused with the ACAS-encoding gene. A 2 kb DNA fragment corresponding to the acas gene was amplified under the following PCR conditions: 50 ng of genomic DNA, 1 mM of each primer, 0.25 mM of each dNTP, 1× Pfu Ultra polymerase buffer, and 1 U Pfu Ultra DNA polymerase (Stratagene, Santa Clara, CA, USA). The temperature cycle consisted of 25 cycles of 94 o C for 30 s, 55 o C for 30 s, and 72 o C for 2 min. The PCR product was purified and cloned into the pGEM-T Easy vector (Promega, Madison, WI, USA). The nucleotide sequence of the PCR-generated insert confirmed that it was free of error. The resulting plasmid was then digested using NdeI and XhoI, and the DNA insert corresponding to the acas gene was subcloned into both pET-21a and pHCXHD. The final inducible and constitutive constructs were named pET-ACAS and pHC-ACAS, respectively. The cell extracts of the recombinant E. coli possessing constitutive and inducible expression vectors showed both sucrose hydrolysis and glucosyltransferase activities when sucrose was used as a sole substrate (data not shown). However, it did not show any trehalose synthase or α-amylase activity. This result implied that Achl_3605 (acas) encoded an ASase, as expected from the sequence analysis. Even though acas was successfully expressed in both constitutive (pHC-ACAS) and inducible (pET-ACAS) expression vectors, the acas expression level by pHC-ACAS was significantly lower than that by pET-ACAS. The sucrose hydrolysis activity was about 10 times lower in the constitutive expression vector than in the inducible expression vector at the same growth volume. Previously, NPAS has been expressed in two high-level expression systems, pQE-81L or pET33b(+), in E. coli. Although the authors claimed that a high expression yield per cell volume was observed with no significant changes in activity, the construction for expression vectors resulted in substantial changes in the N-terminal amino acid sequences of the recombinant proteins [10] . In our experiment, the direct comparison of the expression level with NPAS is impossible, but an extremely high level of ACAS (ca. 127 mg/l) was produced using the pET-ACAS. In addition, there was only minor modification to the recombinant enzyme, unlike in the case of NPAS expression. The sequences of the first 10 N-terminal amino acids of two recombinant ACAS were determined, using a Procise 491 HT protein sequencer (Applied Biosystems, Carlsbad, CA, USA). The determined sequences were Met-Gln-Glu-SerVal-Gly-Val-Glu-Gln-Pro-, which was exactly matched with the predicted amino acid sequences from the construction. Therefore, the N-terminus of the recombinant ACAS was intact, and only the 6× histidine tag was attached at the end of the C-terminus of the enzyme.
The expressed recombinant ACAS was efficiently purified to homogeneity using Ni-NTA affinity chromatography. The original acas gene was encoded by 1,932 nucleotides, which corresponded to 643 amino acids with a calculated molecular mass of 71,705 Da. The size and purity of isolated recombinant AMAS were determined by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE analysis of the purified recombinant ACAS showed a single band near 72 kDa, which matched the expected molecular mass of ACAS ( Fig. 2A) . Recently, Guérin et al. [3] solved the 3D structure of DGAS and revealed its unusual dimer organization [3] . They assumed that dimerization was likely to contribute significantly to enzyme stabilization of this enzyme. Contrary to DGAS, the analysis of the oligomeric state of ACAS with gel permeation chromatography revealed that the ACAS existed as a monomer (Fig. 2B) (A) HPAEC analysis of sucrose isomers and short maltooligosaccharides (shorter than maltohexaose). (B) HPAEC analysis of maltooligsaccharides. G2: maltose; G3: maltotriose; G4: maltotetraose; G5: maltopentaose; G6: maltohexaose; G7: maltoheptaose; DP: degree of polymerization. The reaction was performed for 60 h at 37 o C by recombinant ACAS. The sample was diluted 100-fold and filtered before injection.
(45 and 50 o C) were relatively lower than those at lower temperatures (30, 35, and 40 o C). The optimum pH was found to be pH 8 in 50 mM Tris-HCl buffer. However, the enzyme showed comparatively strong activities in a broad range of pH (pH 7-9).
The reaction products of ACAS were characterized using sucrose as the sole substrate and compared with those of NPAS (Table 1 and Fig. 3 ). The reaction mixtures were distinguished by two fractions, the soluble and insoluble parts. They were separated with centrifugation (10,000 ×g). The soluble fraction contained glucose, fructose, small maltooligosaccharides, and sucrose isomers (turanose and trehalulose), whereas the insoluble phase was composed of a relatively longer maltooligosaccharide and amylose chains. The major difference in reaction products between ACAS and NPAS was the amount of insoluble glucan. NPAS synthesized two times more insoluble glucan than ACAS (data not shown). The lower yield of insoluble glucan (the longer maltooligosaccharide) results in an increased yield of soluble maltooligosaccharides in ACAS. In fact, the amount of soluble maltooligosaccharides (from DP 2 to about DP 25) was two times higher in ACAS than in NPAS. This result indicated that the elongation activity of ACAS was weaker than that of NPAS. A previous report showed that DRAS yields more sucrose isomers than NPAS, with almost equal amounts of trehalulose and turanose [8] . However, ACAS produced quite similar amounts of trehalulose and turanose to NPAS, and the ratios of both sucrose isomers were also comparable to each other. This result indicated that ACAS shared an analogous +1 acceptor subsite with NPAS and thus exhibited similar acceptor specificity toward fructose. Although ACAS displayed relatively low thermostability among the ASases, the different product ratios from the other known ASases (NPAS and DRAS) increase the diversity of this type of enzyme and broaden the choice of enzymes in various applications. a The quantification of the released fructose and glucose, and isomerization products (trehalulose and turanose) were performed using a HPAEC analysis. HPAEC analysis was performed with an analytical column for carbohydrate detection (CarboPac PA100, Dionex, Sunnyvale, CA, USA) and an electrochemical detector (ED40, Dionex). Filtered samples were eluted with a linear gradient from 100% buffer A (100 mM NaOH in water) to 60% buffer B (500 mM of sodium acetate in buffer A) over 70 min. The flow rate of the mobile phase was maintained at 1.0 ml/min. The amounts of polymerization products were obtained by subtracting the amounts of hydrolysis and isomerization products, and the remaining sucrose from the substrate concentration.
